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I. ABSTRACT 

1.1 I n t e n t  

T h i s  18 month co tr c t  is i n t e n d e d  to  res r c h  and 

d e v e l o p  a n  i n n o v a t i v e  method of low cost s i l i c o n  p r o d u c t i o n  

from known technology:  deposi t ion of s i l i cm from a hydrogen- 

c h l o r o s i l a n e  mix tu re .  

1 . 2  T a s k  S p e c i f i c s  and M i l e s t o n e s  

'i'he c o n t r a c t  is d i v i d e d  i n t o  four major Tasks  and a 

s u b c o n t r a c t  Tor e v a l u a t i o n  of s i l i c o n  produced. Planned  

t i m e  frames 3re shown i n  the Miles tone  Chart on pa.:? 2 .  

Month z e r o  is A p r i l  of 1 9 7 9 .  

'The qoal  of Task I i s  to  produce  3,5kg/hr. s i l i c o n  f o r  

? 4  h o u r s  w i t h  a t  l eas t  18% c o n v e r s i o n  of t r i c h l o r o s i l a n e  t o  

silicon. The T a s k  I1 goal  is t o  improve t h e  reactor t o  

produce  J . s k q , ' h r .  a t  a minimum convers ior .  of 18% for 96  hours .  

'Thc qoal of Task 111 is t o  d e l i v e r  l i q u i d  s i l i c o n  f rom t h e  

reactor  i n  two d i f f e r e n t  manners. 1) t h rough  a s h o t t i n q  

n o z z l e  i n t o  a c o o l i n g  zone  and rect-ptacle or 1) th rough a 

de1ivt.x-y t u b e  into a recmeptacle. S i l i c o n  produced i n  t h e  

i n n o v a t i v e  reac tor  w i l l  be  e v a l u a t e d  by so la r  c e l l  f a b r i c a t i o n  

by Appl ied  S o l a r  Energy Corpora t ion .  
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1 . 3  I n n o v a t i v e  Reactor 

The i n n o v a t i v e  reactor is a r e s i s t i v e l y  h e a t e d  q u a r t z  

v e s s e l ;  the ch lo ros i l ane -hydrogen  m i x t u r e  w i l l  flow t h rouqh  

the i n s i d e  of t h e  v e s s e l  where s i l i c o n  w i l l  deposit. The 

d e p o s i t  will be melted and t h e n  d r a i n e d  from the v e s s e l .  

I. 4 Suppor t  Systems 

S u p p o r t  equipment  w i l l :  1) d e l i v e r  to  t h e  v e s s e l  and 

h e a t  a known ? :h loros i lane /Hz m i x t u r e ,  2 )  e f f e c i e n t l y  i n -  

s u l a t e  t h e  h o t  v e s s e l ,  t h e r e f o r e  r educ ing  p o w e r  consumption,  

3)  r e c o v e r  and r e c i r c u l a t e  hydrogen gas ,  4 )  m e l t  t h e  s i l i c o n  

d e p o s i t  and a l l o w  it t o  f low from t h e  v e s s e l  to  a c o l l e c t i o n  

box or a d e l i v e r y  tube, 5) moni tor  g a s  compos i t ion  a t  v a r i o u s  

p o i n t s ,  6 )  m a i n t a i n  a s l i g h t  p o s i t i v e  p r e s s u r e  i n s i d e  t h e  

v e s s e l  t o  ? r e v e n t  c o l l a p s e  and 7 )  collect  p a r t i c l  3 t h a t  do 

n o t  d e p o s i t  i n  the v e s s e l .  
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11. INTRODUCTION 

The o b j e c t i v e  of  t h i s  program is to  develop a n  i m -  

proved s i l i c o n  p r o d u c t i o n  reactor w i t h  periodic batch d e l i v e r y  

of  p r o d u c t  t o  either a c a s t i n g  or s h o t t i n g  process or through 

a l i q u i d  s i l i c o n  transfer sys tem d i r e c t l y  t o  a c r y s t a l  growth 

s y s  t e m  . 
The p r o c e s s e s  arid equipment are scaled such t ha t  a 

modest inves tmen t  can make available to  t h e  C z o c h r a l s k i  

c r y s t a l  grower a l o w  cost s o u r c e  of s i l i c o n .  I n  a d d i t i o n ,  

the smaller scale of o p e r a t i o n  means t h a t  t h e  sys tems can  

be p u t  i n t o  o p e r a t i o n  w i t h o u t  large capi ta l  inves tmen t s ,  

g u a r a n t e e s  of marke ts ,  etc. 

The chemical r e a c t i o n s  are those i n  commercial usage  

now. The major i n n o v a t i o n  is i n  reactor d e s i g n  which allows 

a h igh  p r o d u c t i v i t y  of s i l i c o n .  The reactor has  been con- 

s e r v a t i v e l y  s i z e d  on the basis of e p i t a x i a l  d e p o s i t i o n  rates. 

The c o n c l u s i o n  of t h i s  c a l c u l a t i o n  is tha t  a r e a s o n a b l y  

s i z e d  sys tem can produce r a p i d l y  enough to  keep  pace w i t h  

e i t h e r  l O c m  or l 2 a n  diameter C z o c h r a l s k i  c r y s t a l  growth 

Gpera t ing  i n  a semi-cont inuous mode. 

The major factors,  subsequen t  t o  t h e  i n n o v a t i v e  reactor 

d e s i g n ,  which  w i l l  lower the  cost of s i l i con  p r o d u c t i o n  are: 

1) t h e  e f f e c t i v e  u t i l i z a t i o n  of t h e  eneLg.r i nvo lved  w i t h  

4 



bringing the reactants  to high temperature and 2)  the sep- 

aration of the by-products for recyc le ,  sale, or disposal. 
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111. INNOVATIVE REACTOR 

3.1  B a s i s  for Design 

The reactor is based upon 1) exper imen t s  showing 

s i l i c o n  d e 2 o s i t i o n  i n  q u a r t z  tubes, 2 )  t h e  Siemens p r o c e s s ,  

and 3) da ta  by Hunt, S i r t l ,  and  Sawyer on  S i - H - C 1  e q u i l i b r i u m .  

Predicted b e n e f i t s  and improvements of the d e s i g n  w j l l  allow 

a p roduc t ion  rate of O.Skg/hr. s i l i c o n  a t  20% conversiorr ,  

a dense  s i l i c o n  p r o d u c t ,  a n  ene rgy  e f f i c i e n t  system, and  a n  

ex tended  reactor l i f e  compared t o  q u a r t z  tube exper iments .  

3.2 Basic Design and Opera t ion  

A schematic c r o s s - s e c t i o n  of  t h e  reactor system is 

shown i n  F i g u r e  1. P o l y c r y s t a l l i n e  s i l i c o n  i s  d e p o s i t e d  on 

the i n s i d e  walls of a r e s i s t i v e l y  heated, mul t i -wa l l ed  f u s e d  

s i l i ca  r e a c t i o n  chamber by  H2 r e d u c t i o n  of S i H C 1 3 .  

s u f f i c i e n t  s i l i c o n  has  been produced, the  reactor i s  f l u s h e d  

A f t e r  

w i t h  a rgon  and the s i l i c o n  melted o u t  of t h e  reactor i n t o  

a r e c e p t a c l e  such  as a C z o c h r a l s k i  c r y s t a l  growth c r u c i b l e  

or any other  desired c o n t a i n e r .  The reactor is t h e n  r e t u r n e d  

t o  the d e p o s i t i o n  s t a g e .  The r e a c t i o n  chamber and t h e  c r y s t a l  

growth system are s e p a r a t e d  by a h e a t e d  d e l i v e r y  tube. The 

"u- tube" acts  as a v a l v e ,  when t h e  t empera tu re  i s  a d j u s t e d  

above or below t h e  m e l t i n g  p o i n t  of s i l i c o n .  A more d e t a i l e d  

6 
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d e s c r i p t i o n  of a process c y c l e  is  g i v e n  below: 

1. The reactor is b r o u g h t  up t o  t e m p e r a t u r e  unde r  

i n e r t  g a s  f low.  

2 .  A small amount o f  s i l i c o n  is melted i n  the 

"U-tube" t o  form a p o s i t i v e  g a s  seal. The "U-tube" tempera- 

t u r e  is dropped t o  a b o u t  12OO0C. 

3 .  A t  the  s e l e c t e d  r e a c t i o n  t e m p e r a t u r e  SiHC13 and 

H2 are i n t r o d u c e d  i n t o  t h e  chamber and t h e i r  f low rates set 

t o  o p t i m i z e  t h e  maximum mass d e p o s i t i o n  of s i l i c o n .  

4 .  The  r e a c t i o n  i s  allowed t o  rm f o r  several h o u r s  

u n t i l  t h e  d e s i r e d  amount of  s i l i c o n  h a s  been  d e p o s i t e d .  T h i s  

is de termined  by t h e  d e s i r e d  c y c l e  t i m e  and  t h e  reactor 

v e s s e l  s i z e .  

5. A t  this p o i n t  t h e  r e a c t a n t  g a s e s  are f l u s h e d  o u t  

of t h e  r e a c t o r  w i t h  A r .  

6 .  Keeping t h e  "U-tube" a t  12OO0C, t h e  reactor is  

0 r a i s e d  t o  about 1450 C t o  m e l t  down the s i l i c o n  produced. 

7 .  T h e  g a s  p r e s s u r e  between t h e  r e a c t u r  and t h e  

d e l i v e r y  t u b e  is e q u i l i b r a t e d .  

8. The "U-tube" and d e l i v e r y  tube are r a i s e d  t o  

abou t  1415'C. 

t h e  r e a c t o r  w i l l  empty due tc g r a v i t y ,  c a u s i n g  l i q u i d  s i l i c o n  

t o  f l o w  o u t  Lhrough t h e  d e l i v e r y  t u b e  t o  e i t h e r  t h e  C z o c h r a l s k i  

;\'hen t h e  s i l i con  i s  me l t ed  i n  the "U-tube", 
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cruc ib le  or an  i n t e r m e d i a t e  r ep len i shmen t  crucible.  Due t o  

t h e  equ i l ib ra t ed  p r e s s u r e s  an< a v e n t  t o  p r e v e n t  s i p h o n i n g ,  

the " U - t u b e "  w i l l  remain f u l l  a f t e r  the reactor h a s  been  

emptied. 

9.  The reactor is r e t u r n e d  to r e a c t i o n  temperature 

and t h e  " U - t u b e "  and d e l i v e r y  t u b e  are r e t u r n e d  t o  120OOC. 

10. The r e a c t a n t  g a s  f low is  t h e n  re -admi t ted  t o  t h e  

chamber t o  s t a r t  the c y c l e  a g a i n .  

3.3 S p e c i f i c  Vessel Designs 

A s q u a r e  q u a r t z  r e a c t i o n  vessel w a s  des ig i ied  and  

manufactured. I t  is a 10 inc - i  s q u a r e  box of 0.135" t h i c k  

q u a r t z  plates. The bottom i s  sloped f i v e  deg rees  toward 

t h e  c e n t e r e d  s i l i c o n  d r a i n  tube. 

The i n t e r n a l  w a l l s  are 0.135" t h i c k  ve r t i ca l  p la tes .  

There  are f o u r t e e n  i n t e r n a l  w a l l s ;  e a c h  i s  10" h igh .  Some 

of the i n t e r n a l  w a l l s  have no tches  a t  t h e  bottom f o r  s i l i c o n  

d ra inago  t o  t h e  bottom c e n t e r  t ube .  The t o t a l  i n t e r n a l  

s u r f a c e  area i s  15.28 f t .  ; 3.6 f t . *  compr iss  h e a t  exchan.,  2 

s u r f a c e  between t h e  incoming g a s  and t h e  ou tgo ing  yas .  T h t  

f o u r  cen t r a l  wal ls  t h a t  comprise  most 02 t h e  h e a t  exchange 

s u r f a c e  a re  shown i n  F i g u r e s  S a  to  S b ,  on page 1 7  o f  t h e  F i r s t  

Q u a r t e r l y  Report  . 



The s i l i c o n  dralrrage t u b e  i s D m  I.D. q u a r t z  tube w i t h  

a 6mm I.D. "antl-SiFhOn" ve;:: t u b e  located a t  t h e  top of 

t h e  spil l-over s i d e  of  t h e  "U-tube". 

The i n n o v a t i v e  d e s i g n  f e a t u r e  of t h i s  ro?:.ztion cham5er 

i s  l a r g e  s u r f a c e  area per volume of reactor ( 2 6 . 4  f t . *  s u r f a c e  

area per c u b i c  f o o t )  w i t h  i n t e r n a l  h e a t  exchange c a p a b i l i t i e s .  

The reactor is a e s c r i h e d  i n  t h e  Equipment s e c t i o n  of t h e  F i r s t  

Q u a r t e r l y  Repor t  01 page  1 6 .  

The i n t e r n a l  p a t h  o f  t h e  s q u a r e  vessel  is a l o n g  or 

" s e r p e n t i n e "  pa th .  A s h o r t  p a t h  w i t h  p a r a l l e l  w a l l s  and an 

impact ion  o r i e n t e d  p a t h  were a l so  cons ide red .  Due t o  t h e  

expense  of  t h e  f i r s t  s e r p e n t i n e  v e s s e l  t h a t  w a s  made, a l -  

t e r n a t i v e s  were cons ide red .  A s i x - i n h  c y l i n d r i c a l  t u b e ,  

10 i n .  long  w i t h  a s i n g l e  b a f f l e  down t,.: c e n t e r  w a s  made a t  

cons i ;e rab ly  lower cost .  T h i s  i s  r e p r e s e n t a t i v e  of a p a r a l l e l  

f l ow p a t h .  Problems occur red  s e c u r i n g  t h e  c e n t e r  b a f f l e  and 

t h e r e f o r e  a sir;  ?ar 6"  diameter t u b e  bas u s e l  w i t h  b a f f l e s  

p e r p e n d i c u l a r  L J  t h e  tube  :.*is. These were s imple  t o  make 

atid r e p r e s e n t  t h e  s e r p e n t i n e  or long  flow pi.th a s  w e l l  a s  

sh,Dwing areas  of impact ion.  

10 



IV. NECESSARY SUPPORT SYSTEPS 

4.1 D e s c r i p t i o n  

The f i v e  n e c e s s a r y  s u p p o r t  sys tems are: 1) t h e  

materials h a n d l i n g  system, 2)  the v e s s e l  p r e s s u r e  e q u a l i z a -  

t i o n  system, 3) the vessel s u p p o r t  system, 4) t h e  material 

sampling systexi and 5)  the w a s t e  t r e a t m e n t  system. A l l  of 

these sys tems are d i r e c t l y  or i n d i r e c t l y  connected.  

The materials h a n d l i n g  sys t em 1) s u p p l i e s  a known 

p r e s s u r e  and volume of  t r i c h l o r o s i l a n e  and hydrogen t o  t h e  

reactor vessel, 2) h e a t s  t h e  i n l e t  g a s e s  by h e a t  L r a n s f e r  

from t h e  h o t  o\;tlet g a s e s ,  3) removes p a r t i c l e s  from and 

cocls t h e  by-product g a s e s ,  4) condenses  the c h l o r o s i l a n e  

by-products  from t h e  g a s  stream and pumps them t o  s t o r a g e ,  

5 )  removes by-product H C l  from t h e  hydrogen g a s  by means of  

a c t i v a t t :  c h a r c o a l  a d s o r b t i o n  and 6 )  r e c y c l e s  the c l e a n  

hydrogen back t o  t h e  reactor as a r e a c t a n t .  

The p r e s s u r e  e q u a l i z a t i o n  sys tem c o n t i n u a l l y  a d j u s t s  

t h e  p r e s s u r e  o u t s i d e  of t h e  q u a r t z  r e a c t i o n  v e s s e l  to  abou t  

2" H20 less than  the p r e s s u r e  i n s i d e  t h e  v e s s e l ,  t h e r e f o r e  

p r e v e n t i n g  t h e  v e s s e l  from sagg ing  or c o l l a p s i n g .  

T h e  vessel s u p p o r t  system is broken i n t o  three sub- 

s y s  t e m s  : 

1. The p h y s i c a l  s u p p o r t  of t h e  v e s s e l .  

11 



2. The power c o n t r o l  and h e a t e r s .  

3 .  The t empera tu re  mon i to r ing  i n s t r u m e n t s .  

The o u t s i d e  p h y s i c a l  s u p p o r t  system is  a steel  double  

w a l l e d  water cooled chamber. I n s i d e ,  t h e  q u a r t z  v e s s e l  i s  

sur rounded by a g r a p h i t e  box, t h e  main h e a t i n g  e l e m e n t s ,  

a n o t h e r  g r a p h i t e  box, 2"  of i n s u l a t i o n ,  and a t h i n  s t a i n l e s s  

steel box which h o l d s  the i n s u l a t i o n  i n  place. I n  a d d i t i o n ,  

a removable s i l i c o n  t r ap  e x t e n d s  below the s u p p o r t  chamber. 

S i l i c o n  which is mel ted  from t h e  r e a c t i o n  v e s s e l  w i l l  d r o p  

from t h e  "U-tube" i n t o  t h e  trap. 

Two power s u p p l i e s ,  24kva and 6kva, s u p p l y  power to  the 

G r a f o i e m a i n  h e a t i n g  e l e m e n t s  and t h e  G r a f o i  @ " U - t u b e "  h e a t i n g  

e l e m e n t s ,  r e s p e c t i v e l y .  Automatic c o n t r o l l e r s  i n c r e a s e  or 

decrease Fower a c c o r d i n g  t o  thermocouple  feedback.  

Other  t h e m o c o u p l e  j u n c t i o n s  are p l a c e d  a t  v a r i o u s  

p l a c e s  i n  t h e  s u p p o r t  system. Thermocouples approximate  

t h e  i n l e t  g a s ,  t h e  v e s s e l  g a s  and t h e  o u t l e t  g a s  t empera tu res .  

A V a r i a n  921 g a s  chromatograph i s  used t o  m o n i t o r  t h e  

reac tan t ,  t h e  by-product ,  the p o s t  condenser  and t h e  r e c y c l e  

g a s  streams. The sample l i n e s  are h e a t e d  t o  p r e v e n t  i n t e r n a l  

condensa t ion .  P e r c e n t  conve r s ion  c a n  be de te rmined  by 

comparing chromatograph a n a l y s i s  of t h e  reactant  and by-product  

g a s e s .  
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The waste t r e a t m e n t  sys tem is g a s - l i q u i d  a d s o r p t i o n  

of any vented c h l o r o s i l a n e s  o r  h y d r o c h l o r i c  a c i d  g a s e s  i n t o  

a 10% sodium-hydrcxide s o l u t i o n .  The HC1 from t h e  materials 

hand l ing  sys t em ' s  a c t i v a t e d  c h a r c c a l  scr*&Ser is IL u r e  ii1ajwi- 

s o u r c e  of  HC1 gas. The purge g a s  from the c h l o r o s i l a n e  

c h l o r o s i  l a n e s  t h a t  are 

scrubbed.  

4.2 Opera t ion  Results 

The vessel p r e s s u r e  e q u a l i z  

s t o r a g e  drum is the major s o u r c e  of 

ti t m, t h e  ve sel 

s u p p o r t  system and the waste t r e a t m e n t  sys t em have worked 

a s  des igned .  The materials hand l ing  sys tem h a s  f u n c t i o n e d  as 

des igned  w i t h  t h e  e x c e p t i o n  of t h e  c h a r c o a l  s c r u b b i n g  t a n k s  

r n d  t h e  pr imary  h e a t  exchange. The g a s  chromatograph and 

i t s  sampling l i n e s  w e r e  completed a f t e r  t h e  s i x t h  run: ad- 

e q u a t e  d a t d  w a s  produced d u r i n g  run  number e i g h t .  

The c h a r c o a l  a b s o r p t i o n  t a n k s  were unde r s i zed ;  t h e r e f o r e  

a f t e r  a p e r i o d  of t i m e  9 C 1  is g r e s e n t  i n  t h e  hydrogen r e c y c l e  

stream. Regenera t ion  of t h e s e  t a n k s  h a s  proved t o  be a 

l e n g t h y  procedure.  

The pr imary  heat exchanger ,  which w a s  des igned  t o  h e a t  

t h e  i n l e t  g a s  by hea t  exchange from t h e  o u t l e t  g a s ,  h a s  o n l y  

been s l i q h t l y  e f f e c t i v e  because  t h e  e x i t i n g  gas h;ls n o t  

reached t h e  h igh  t empera tu res  expec ted .  T h i s  is p a r t l y  due 
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to the smaller test v e s s e l s  used which resu l ted  Ln less 

heat  t rans fer  to the gas passing through the h o t  v e s s e l .  

A Ereheater w a s  added to the heat  exchanger before test 

number e i g h t  which added 100 C effective tempratare ts %!e 

gas . 
0 
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7 .  mCfIN1CAL PROGRESS 

During the p a s t  three months, four sil icon deposition 

reactors were tested a t  v a r i o u s  t r i c h l o r o s i l a n e  composition 

pe rcen tages .  T a b l e s  I and I1 show each  test's data and 

c o n s e q u e n t i a l  derived data. The l e n g t h  of test r u n s  was 

l imi t ed  by s i l i c o n  o x i d e s / s i l i c o n  polymer p lugg ing  of the 

gas o u t l e t  tube which is d e p i c t e d  i n  Figure 2. Derived data 

e x p l a n a t i o n s  follow the tables. The actual C l D  ratios w e r e  

determined from gas chromatograph peak ratios. 

between t h e  in t ended  and a c t u a l  Cl/H ra t io  is caused by 

H C l  i n  the r e c y c l e d  hydrogen gas .  T h i s  decreases the actual 

p e r c e n t  c o n v e r s i o n  from t h e  expected p e r c e n t  c o n v e r s i o n  f o r  

the  e f f e c t i v e  t e m p e r a t u r e s  and t r i c h l o r o s i l a n e  concen t r a -  

t i o n s .  Recycled HC1 slows the  desired decomposi t ion  of t r i c h l o r o -  

s i l a n e  and enhances  the r e v e r s e ,  e t c h i n g  r e a c t i o n .  

The difference 

Q u a r t z  e t c h i n g  i s  limited d u r i n g  d e p o s i t i o n  by keeping  

the w a l l  t empera tu res  below 125OoC, a l t h o u g h  d u r i n g  t h e  "melt 

?otu.i" s t ep ,  S i 0 2  is formed, as ev idenced  by the r e s i d u e  i n  t he  

r e a c t o r  gas o u t l e t  tube. 

15 



Table  la 

&actor T e s t  Data 

Total 
Surf ace 

Deposition 
Surface 

Run 
NO. 

Area 
(in.2) a (in, 

1 

Total 
Gas 
Flow 
tSCFH) 

Hole 
8 
TCS 

A c t u a l  
C l l H  

Ita ti0 

Grams 
Silicon 
Produced 

Hours 
of 

Deposition 
Run 
No. - 

5 - 225 1.5 150 . 5 

170 5.0 6 - 293 

8.5 25s 6-25 0.11 7 467 

8 I 1050 
l?qsO2 16 

4.49 
- 

0 . 3 0 3  

T a b l e  Ib 

i % of 
Surf ace 
Area 
Used 

Deposition 
Volume 
(in. 3)  

Total 

vol”T;! (in. 

I 6 I 355 I 220 62 

1 355  I 3 4 1  96 

100 



T a b l e  IIa 

Run 
No. 

5 

Derived S t a t i s t i c s  from Reactor T e s t  Data 

1 2 
Average 

Production Deposition 
Rate Rate 

(gm/hr) P/hr) 

30 .O 170 

7 

8 

6 I 33.5 I 100 
! - 

85.0 16 6 18 145 

234 36 4 20 56,45,35 

4 

975 

AVe rage I Power 

0.10 

1 

I 
20 I 4 10 

13 I 352 

Table  IIb 

Tota l  DepOSltiOn 6 
Residence Residence 

Time 
No. 

5 0.56 I 0.19 

6 1.04 0.63 

7 0.64 0.61 

0.88 0.88 8 
P b 0.69,O. 55 0 -69 .0 .55  

Intended 8 
E f f e c t i v e  C 1 / H  

Temperature 
( O W  

A t o m i c  
Ratio 

1100 I 0.02 I 
900 1 0.08 1 

1073 I 0.29 1 
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1. The a v e r a g e  p r o d u c t i o n  rate is  the total  s i l i c o n  
produced d i v i d e d  by the h o u r s  of d e p o s i t i o n .  

2. The d e p o s i t i o n  rate is the a v e r a g e  p r o d u c t i o n  rate 
d i v i d e d  by t h e  d e p o s i t i o n  s u r f a c e  area. 

3. The a v e r a g e  % c o n v e r s i o n  is the total sil iecrn pr&wed 
d i v i d e d  by the s i l i c o n  i n  TCS t h a t  was i n t r o d u c e d  
to t h e  reactor. 

4. The power used is t h e  s t e a d y  state sum of the power 
th rough  the main h e a t e r  p l u s  the power t h rough  the 
U - t u b e  heater d i v i d e d  by the average p r o d u c t i o n  rate. 

5. The t o t a l  residence t i m e  is t h e  to ta l  reactor volume 
d i v i d e d  by the to ta l  gas flow rate. 

6. The d e p o s i t i o n  r e s i d e n c e  t i m e  is t h e  d e p o s i t i o n  
volume d i v i d e d  by the total  gas f low rate. 

7. The e f f e c t i v e  t e m p e r a t u r e  is an estimate ob ta in -d  by 
s u b t r a c t i n g  200% from the h i g h e s t  t e m p e r a t u r e  measured 
i n  the r e a c t i o n  v e s s e l .  

8. The i n t e n d e d  C l / H  ra t io  is based on the mole % tri- 
c h l o r o s i l a n e  i n  a pure  r e c y c l e d  hydrogen stream. 
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Region 
where plugs 
occurred i n  
outer tube 
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.- 

/ 
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C 

GRAFELT 
IN 5U L /4 T !ON 

GRAPHITE BOX 

GRAPHITE VESSEL 
'HOT ZONE" 

-.. - - .  SUPPORT BOX 
BY PRODXT GAS FPOM 
MAIN REACTOR SECTION 

Figure 2 

Coid Trap Design for Reactors # 6 ,  17 and 1 8  
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VI . DISCUSSION OF TECHNICAL PROGRESS 

Thc  reactor test r u n s  completed i n  t h i s  period showed 

s u c c e s s i v e  i n c r e a s e d  p r o d u c t i o n  and d e p o s i t i o n  rates w i t h  a 

maximum o f  2 3 4  gram s i l i c o n  p e r  hour  produced a t  a rate of 

364 microns/hr .  i n  Run No. 8. The improvements up  to Run 

No. 8 were caused  by i n c r e a s e d  t r i c h l o r o s i l a n e  c o n c e n t r a t i o n ,  

i n c r e a s e d  s u r f a c e  area and i n c r e a s e d  e f f e c t i v e  t empera tu re .  

The  m o l e  p e r c e n t  t r i c h l o r o s i l a n e  i n t r o d u c e d  to  the 

rzactor w a s  i n c r e a s e d  f r o m  1.5% to 17.5% from Run No. 5 

t o  Run No. 8. T h i s  was done to allow comparison of p e r c e n t  

c o n v e r s i o n  of t r i c h l o r o s i l a n e  to  s i l i c o n  a t  v a r i o u s  C l / H  

ratios. The g o a l  to c o n v e r t  more t h a n  18% t o  TCS was reached. 

U n f o r t u n a t e l y ,  the gas h a n d l i n g  sys tem c o u l d  n o t  remove 

a l l  of t h e  by-product  gases from t h e  hydrogen to be r e c y c l e d ;  

t h e r e f o r e ,  the average conver s ion  rates were lower than 

p r e d i c t e d  by data by  Hunt and S i r t l ,  and t h e  data comparison 

is weak ev idence  f o r  o p t i m i z a t i o n .  

The i n t e r n a l  s u r f a c e  area i n  reactors 5 th rough 7 w a s  
2 i d e n t i c a l ,  3 5 5  i n .  . Each reactor had three b a f f l e s .  Reactor 

No. 8 had 5 baff les .  The a d d i t i o n a l  s u r f a c e  area w a s  bene- 

f i c i a l  i n  t w o  ways: there was more s u r f a c e  area a v a i l a b l e  

20 



f o r  s i l i c o n  d e p o s i t i o n  and t h e r e  is more s u r f a c e  area for 

h e a t  t r a n s f e r  to the gas. A d d i t i o n a l  h e a t  t r a n s f e r  i n c r e a s e s  

g a s  t empera tu re  and e f f e c t i v e  t empera tu re  which is assumed 

t o  i n c r e a s e  t he  rate of r e a c t i o n :  from d a t a  by Hunt and 

S i r t l  this f a v o r a b l y  changes t h e  s i l i c o n  to  c h l o r i n e  

e q u i l i b r i u m  r a t io  ( u p  to  135OoK and up t o  a C l / H  ra t io  of 1). 

Beaause o u r  e f f e c t i v e  temperatures were less t h a n  1000% 

f o r  Runs No. 6 and 7 ,  L p r e h e a t e r  w a s  also added which i n -  

creased t h e  e f f e c t i v e  t empera tu re  of Run No. 8 by 100 d e g r e e s .  

Run No. 5's e f f e c t i v e  t empera tu re  w a s  1100% ( h i g h e r  t h a n  

6-8) because  w e  d i d  n o t  l i m i t  t h e  w a l l  t e m p e r a t u r e  t o  

125OoC t o  minimize q u a r t z  e t c h i n g  by HC1. 

Based on data from Run No. 8,  t h e  square reactor 

w i t h  15.3 f t . *  of  d e p o s i t i o n  s u r f a c e  area a v a i l a b l e  w i l l  

e a s i l y  produce 500 grams s i l i c o n  p e r  hour  a t  greater t h a n  

18% conver s ion .  The problem o f  HC1 i n  the r e c y c l e  hydrogen 

which lowers p e r c e n t  conve r s ion  can e a s i l y  be "des igned  

o u t "  of the g a s  hand l ing  system. The problem of s i l i c o n  

o x i d e / s i l i c o n  polymer p lugging  of the  g a s  o u t l e t  t ube  can 

be e l i m i n a t e d  by us ing  a n  e a s i l y  removable,  large d i a m e t e r  

o u t  l e t  tube. 
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V I I .  SIXTH QUARTER PLANNED ACTIVITIES 

During the n e x t  t h r e e  months w e  p l a n  t o  i n c r e a s e  

t h e  s u r f a c e  area of a round reactor by two more baffles to 

500 i n . 2 ,  and i n c r e a s e  t h e  mole p e r c e n t  t r i c h l o r o s i l a n e  

to  25%. 

maximize r u n  t i m e  and minimize p lugging .  One or two l a r g e  

s q u a r e  reactors w i l l  be tested. An i n n o v a t i v e  s i l i c o n  s h o t t i n g  

t e c h n i q u e  and a s i l i c o n  d e l i v e r y  tube w i l l  be tested. 

A l s o ,  the g a s  o u t l e t  tube w i l l  be mod i f i ed  t o  
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